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(57) ABSTRACT

Mobile devices using motion gesture recognition. In one
aspect, processing motion to control a portable electronic
device includes receiving, on the device, sensed motion data
derived from motion sensors of the device and based on
device movement in space. The motion sensors include at
least three rotational motion sensors and at least three accel-
erometers. A particular operating mode is determined to be
active while the movement of the device occurs, the mode
being one of multiple different operating modes of the device.
Motion gesture(s) are recognized from the motion data from
a set of motion gestures available for recognition in the active
operating mode. Each of the different operating modes, when
active, has a different set of gestures available. State(s) of the
device are changed based on the recognized gestures, includ-
ing changing output of a display screen on the device.
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MOBILE DEVICES WITH MOTION
GESTURE RECOGNITION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/022,143, filed Jan. 18, 2008,
entitled, “Motion Sensing Application Interface,” and
[0002] This application is a continuation-in-part of U.S.
patent application Ser. No. 12/106,921 (4360P), filed Apr. 21,
2008, entitled, “Interfacing Application Programs and
Motion Sensors of a Device,”

[0003] all of which are incorporated herein by reference in
their entireties.

FIELD OF THE INVENTION

[0004] The present invention relates generally to motion
sensing devices, and more specifically to recognizing motion
gestures based on motion sensors of a motion sensing device.

BACKGROUND OF THE INVENTION

[0005] Motion sensors, such as inertial sensors like accel-
erometers or gyroscopes, can be used in electronic devices.
Accelerometers can be used for measuring linear acceleration
and gyroscopes can be used for measuring angular velocity of
a moved device. The markets for motion sensors include
mobile phones, video game controllers, PDAs, mobile inter-
net devices (MIDs), personal navigational devices (PNDs),
digital still cameras, digital video cameras, and many more.
For example, cell phones may use accelerometers to detect
the tilt of the device in space, which allows a video picture to
be displayed in an orientation corresponding to the tilt. Video
game console controllers may use accelerometers to detect
motion of the hand controller that is used to provide input to
a game. Picture and video stabilization is an important feature
in even low- or mid-end digital cameras, where lens or image
sensors are shifted to compensate for hand jittering measured
by a gyroscope. Global positioning system (GPS) and loca-
tion base service (LBS) applications rely on determining an
accurate location of the device, and motion sensors are often
needed when a GPS signal is attenuated or unavailable, or to
enhance the accuracy of GPS location finding.

[0006] Most existing portable (mobile) electronic devices
tend to use only the very basic of motion sensors, such as an
accelerometer with “peak detection” or steady state measure-
ments. For example, current mobile phones use an acceler-
ometer to determine tilting of the device, which can be deter-
mined using a steady state gravity measurement. Such simple
determination cannot be used in more sophisticated applica-
tions using, for example, gyroscopes or other applications
having precise timing requirements. Without a gyroscope
included in the device, the tilting and acceleration of the
device is not sensed reliably. And since motion of the device
is not always linear or parallel to the ground, measurement of
several different axes of motion using an accelerometer or
gyroscope is needed for greater accuracy.

[0007] More sophisticated motion sensors typically are not
used in electronic devices. Some attempts have been made for
more sophisticated motion sensors in particular applications,
such as detecting motion with certain movements. But most
of these efforts have failed or are not robust enough as a
product. This is because the use of motion sensors to derive
motion is complicated. For example, when using a gyroscope,
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it is not trivial to identify the tilting or movement of a device.
Using motion sensors for image stabilization, for sensing
location, or for other sophisticated applications, requires in-
depth understanding of motion sensors, which makes motion
sensing design very difficult.

[0008] Furthermore, everyday portable consumer elec-
tronic devices for the consumer market are desired to be
low-cost. Yet the most reliable and accurate inertial sensors
such as gyroscopes and accelerometers are typically too
expensive for many consumer products. Low-cost inertial
sensors can be used bring many motion sensing features to
portable electronic devices. However, the accuracy of such
low-cost sensors are limiting factors for more sophisticated
functionality.

[0009] For example, such functionality can include motion
gesture recognition implemented on motion sensing devices
to allow a user to input commands or data by moving the
device or otherwise cause the device sense the user’s motion.
For example, gesture recognition allows a user to easily select
particular device functions by simply moving, shaking, or
tapping the device. Prior gesture recognition for motion sens-
ing devices typically consists of examining raw sensor data
such as data from gyroscopes or accelerometers, and either
hard-coding patterns to look for in this raw data, or using
machine learning techniques (such as neural networks or
support vector machines) to learn patterns from this data. In
some cases the required processing resources for detecting
gestures using machine learning can be reduced by first using
machine learning to learn the gesture, and then hard-coding
and optimizing the result of the machine learning algorithm.
[0010] Several problems exist with these prior techniques.
One problem is that gestures are very limited in their appli-
cations and functionality when implemented in portable
devices. Another problem is that gestures are often not reli-
ably recognized. For example, raw sensor data is often not the
best data to examine for gestures because it can greatly vary
from user to user for a particular gesture. In such a case, if one
user trains a learning system or hard-codes a pattern detector
for that user’s gestures, these gestures will not be recognized
correctly when a different user uses the device. One example
of this is in the rotation of wrist movement. One user might
draw a pattern in the air with the device without rotating his
wrist at all, but another user might rotate his wrist while
drawing the pattern. The resulting raw data will look very
different from user to user. A typical solution is to hard-code
ortrain all possible variations of a gesture, but this solution is
expensive in processing time and difficult to implement.
[0011] Accordingly, a system and method that provides
varied, robust and accurate gesture recognition with low-cost
inertial sensors would be desirable in many applications.

SUMMARY OF THE INVENTION

[0012] The invention of the present application relates to
mobile devices providing motion gesture recognition. In one
aspect, a method for processing motion to control a portable
electronic device includes receiving, on the device, sensed
motion data derived from motion sensors of the device, where
the sensed motion data is based on movement of the portable
electronic device in space. The motion sensors provide six-
axis motion sensing and include at least three rotational
motion sensors and at least three accelerometers. A particular
operating mode is determined to be active while the move-
ment of the device occurs, where the particular operating
mode is one of a plurality of different operating modes avail-
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able in the operation of the device. One or more motion
gestures are recognized from the motion data, where the one
or more motion gestures are recognized from a set of motion
gestures that are available for recognition in the active oper-
ating mode of the device. Each of the different operating
modes of the device, when active, has a different set of motion
gestures available for recognition. One or more states of the
device are changed based on the one or more recognized
motion gestures, including changing output of a display
screen on the device.

[0013] In another aspect of the invention, a method for
recognizing a gesture performed by a user using a motion
sensing device includes receiving motion sensor data in
device coordinates indicative of motion of the device, the
motion sensor data received from a plurality of motion sen-
sors of the motion sensing device including a plurality of
rotational motion sensors and linear motion sensors. The
motion sensor data is transformed from device coordinates to
world coordinates, the motion sensor data in the device coor-
dinates describing motion of the device relative to a frame of
reference of the device, and the motion sensor data in the
world coordinates describing motion of the device relative to
a frame of reference external to the device. A gesture is
detected from the motion sensor data in the world coordi-
nates.

[0014] In another aspect of the invention, a system for
detecting gestures includes a plurality of motion sensors pro-
viding motion sensor data, the motion sensors including a
plurality of rotational motion sensors and linear motion sen-
sors. At least one feature detector is each operative to detect
an associated data feature derived from the motion sensor
data, each data feature being a characteristic of the motion
sensor data, and each feature detector outputting feature val-
ues describing the detected data feature. At least one gesture
detector is each operative to detect a gesture associated with
the gesture detector based on the feature values.

[0015] Aspects of the present invention provide more flex-
ible, varied, robust and accurate recognition of motion ges-
tures from inertial sensor data of a mobile or handheld motion
sensing device. Multiple rotational motion sensors and linear
motion sensors are used, and appropriate sets of gestures can
be recognized in different operating modes of the device. The
use of world coordinates for sensed motion data allows minor
variations in motions from user to user during gesture input to
be recognized as the same gesture without significant addi-
tional processing. The use of data features in motion sensor
data allows gestures to be recognized with reduced process-
ing compared to processing all the motion sensor data.

BRIEF DESCRIPTION OF THE FIGURES

[0016] FIG.1isablock diagram ofa motion sensing device
suitable for use with the present invention;

[0017] FIG. 2 is a block diagram of one embodiment of a
motion processing unit suitable for use with the present
invention;

[0018] FIGS. 3A and 3B are diagrammatic illustrations
showing different motions of a device in space, as moved by
a user performing a gesture;

[0019] FIGS. 4A and 4B are diagrammatic illustrations
showing the motions of FIGS. 3A and 3B as appearing using
augmented sensor data;

[0020] FIGS. 5A-5C are diagrammatic illustrations show-
ing different user positions when using a motion sensing
device;
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[0021] FIGS. 6A-6C are diagrammatic illustrations show-
ing different coordinate systems for sensing motion data;
[0022] FIG. 7 is ablock diagram illustrating a system of the
present invention for producing augmented data for recogniz-
ing motion gestures;

[0023] FIGS. 8A and 8B are diagrammatic illustrations
showing rotational movement of a device indicating whether
or not a user is intending to input a gesture;

[0024] FIG.9is a flow diagram illustrating a method of the
present invention for recognizing gestures based on an oper-
ating mode of the portable electronic device;

[0025] FIGS. 10A and 10B are diagrammatic illustrations
of motion data of example shake gestures;

[0026] FIGS. 11A-10F are diagrammatic illustrations
showing magnitude peaks for gesture recognition;

[0027] FIGS. 12A and 12B are diagrammatic illustrations
of two examples of tap gestures;

[0028] FIGS. 13A and 13B are diagrammatic illustrations
of detecting a tap gesture by rejecting particular spikes in
motion data;

[0029] FIG.14is adiagrammatic illustration of motion data
of'an example circle gesture;

[0030] FIG. 15 is a diagrammatic illustration of examples
of character gestures;

[0031] FIG. 16 is a diagrammatic illustration showing one
example of a set of data features of device movement that can
be processed for gestures;

[0032] FIG. 17 is a block diagram illustrating one example
of'a system for recognizing and processing gestures including
data features;

[0033] FIG. 18 is a block diagram illustrating one example
of distributing the functions of the gesture recognition system
of FIG. 16.

DETAILED DESCRIPTION

[0034] The present invention relates generally to motion
sensing devices, and more specifically to recognizing motion
gestures using motion sensors of a motion sensing device.
The following description is presented to enable one of ordi-
nary skill in the art to make and use the invention and is
provided in the context of a patent application and its require-
ments. Various modifications to the preferred embodiment
and the generic principles and features described herein will
be readily apparent to those skilled in the art. Thus, the
present invention is not intended to be limited to the embodi-
ment shown but is to be accorded the widest scope consistent
with the principles and features described herein.

[0035] To more particularly describe the features of the
present invention, please refer to FIGS. 1-18 in conjunction
with the discussion below.

[0036] FIG. 1 is a block diagram of one example of a
motion sensing system or device 10 suitable for use with the
present invention. Device 10 can be implemented as a device
or apparatus, such as a portable device that can be moved in
space by a user and its motion and/or orientation in space
therefore sensed. For example, such a portable device can be
a mobile phone, personal digital assistant (PDA), video game
player, video game controller, navigation device, mobile
internet device (MID), personal navigation device (PND),
digital still camera, digital video camera, binoculars, tele-
photo lenses, or other portable device, or a combination of
one or more of these devices. In some embodiments, the
device 10 is a self-contained device that includes its own
display and other output devices in addition to input devices.
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In other embodiments, the portable device 10 only functions
in conjunction with a non-portable device such as a desktop
computer, electronic tabletop device, server computer, etc.
which can communicate with the moveable or portable device
10, e.g., via network connections.

[0037] Device 10 includes an application processor 12,
memory 14, interface devices 16, a motion processing unit 20,
analog sensors 22, and digital sensors 24. Application pro-
cessor 12 can be one or more microprocessors, central pro-
cessing units (CPUs), or other processors which run software
programs for the device 10. For example, different software
application programs such as menu navigation software,
games, camera function control, navigation software, and
phone or a wide variety of other software and functional
interfaces can be provided. In some embodiments, multiple
different applications can be provided on a single device 10,
and in some of those embodiments, multiple applications can
run simultaneously on the device 10. In some embodiments,
the application processor implements multiple different oper-
ating modes on the device 10, each mode allowing a different
set of applications to be used on the device and a different set
of gestures to be detected. This is described in greater detail
below with respect to FIG. 9.

[0038] Multiple layers of software can be provided on a
computer readable medium such as electronic memory or
other storage medium such as hard disk, optical disk, etc., for
use with the application processor 12. For example, an oper-
ating system layer can be provided for the device 10 to control
and manage system resources in real time, enable functions of
application software and other layers, and interface applica-
tion programs with other software and functions of the device
10. A motion algorithm layer can provide motion algorithms
that provide lower-level processing for raw sensor data pro-
vided from the motion sensors and other sensors. A sensor
device driver layer can provides a software interface to the
hardware sensors of the device 10.

[0039] Some or all of these layers can be provided in soft-
ware 13 of the processor 12. For example, in some embodi-
ments, the processor 12 can implement the gesture processing
and recognition described herein based on sensor inputs from
a motion processing unit (MPU™) 20 (described below).
Other embodiments can allow a division of processing
between the MPU 20 and the processor 12 as is appropriate
for the applications and/or hardware used, where some of the
layers (such as lower level software layers) are provided in the
MPU. For example, in embodiments allowing processing by
the MPU 20, an API layer can be implemented in layer 13 of
processor 12 which allows communication of the states of
application programs running on the processor 12 to the MPU
20 as well as AP commands (e.g., over bus 21), allowing the
MPU 20 to implement some or all of the gesture processing
and recognition described herein. Some embodiments of API
implementations in a motion detecting device are described in
co-pending U.S. patent application Ser. No. 12/106,921,
incorporated herein by reference in its entirety.

[0040] Device 10 also includes components for assisting
the application processor 12, such as memory 14 (RAM,
ROM, Flash, etc.) and interface devices 16. Interface devices
16 can be any of a variety of different devices providing input
and/or output to a user, such as a display screen, audio speak-
ers, buttons, touch screen, joystick, slider, knob, printer, scan-
ner, camera, computer network I/O device, other connected
peripheral, etc. For example, one interface device 16 included
in many embodiments is a display screen 16a for outputting
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images viewable by the user. Memory 14 and interface
devices 16 can be coupled to the application processor 12 by
a bus 18.

[0041] Device 10 also can include a motion processing unit
(MPU™) 20. The MPU is a device including motion sensors
that can measure motion of the device 10 (or portion thereof)
in space. For example, the MPU can measure one or more
axes of rotation and one or more axes of acceleration of the
device. In preferred embodiments, at least some of the motion
sensors are inertial sensors, such as gyroscopes and/or accel-
erometers. In some embodiments, the components to perform
these functions are integrated in a single package. The MPU
20 can communicate motion sensor data to an interface bus
21, e.g., 12C or Serial Peripheral Interface (SPI) bus, to which
the application processor 12 is also connected. In one
embodiment, processor 12 is a controller or master of the bus
21. Some embodiments can provide bus 18 as the same bus as
interface bus 21.

[0042] MPU 20 includes motion sensors, including one or
more rotational motion sensors 26 and one or more linear
motion sensors 28. For example, in some embodiments, iner-
tial sensors are used, where the rotational motion sensors are
gyroscopes and the linear motion sensors are accelerometers.
Gyroscopes 26 can measure the angular velocity of the device
10 (or portion thereof) housing the gyroscopes 26. From one
to three gyroscopes can typically be provided, depending on
the motion that is desired to be sensed in a particular embodi-
ment. Accelerometers 28 can measure the linear acceleration
of the device 10 (or portion thereof) housing the accelerom-
eters 28. From one to three accelerometers can typically be
provided, depending on the motion thatis desired to be sensed
in a particular embodiment. For example, if three gyroscopes
26 and three accelerometers 28 are used, then a 6-axis sensing
device is provided providing sensing in all six degrees of
freedom.

[0043] Insomeembodiments the gyroscopes 26 and/or the
accelerometers 28 can be implemented as MicroElectroMe-
chanical Systems (MEMS). Supporting hardware such as
storage registers for the data from motion sensors 26 and 28
can also be provided.

[0044] Insome embodiments, the MPU 20 can also include
a hardware processing block 30. Hardware processing block
30 can include logic or controllers to provide processing of
motion sensor data in hardware. For example, motion algo-
rithms, or parts of algorithms, may be implemented by block
30 in some embodiments, and/or part of or all the gesture
recognition described herein. In such embodiments, an API
can be provided for the application processor 12 to commu-
nicate desired sensor processing tasks to the MPU 20, as
described above. Some embodiments can include a hardware
buffer in the block 30 to store sensor data received from the
motion sensors 26 and 28. A motion control 36, such as a
button, can be included in some embodiments to control the
input of gestures to the electronic device 10, as described in
greater detail below.

[0045] One example of an MPU 20 is described below with
reference to FIG. 2. Other examples of an MPU suitable for
use with the present invention are described in co-pending
U.S. patent application Ser. No. 11/774,488, filed Jul. 6, 2007,
entitled, “Integrated Motion Processing Unit (MPU) With
MEMS Inertial Sensing and Embedded Digital Electronics,”
and incorporated herein by reference in its entirety. Suitable
implementations for MPU 20 in device 10 are available from
Invensense, Inc. of Sunnyvale, Calif.
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[0046] The device 10 can also include other types of sen-
sors. Analog sensors 22 and digital sensors 24 can be used to
provide additional sensor data about the environment in
which the device 10 is situation. For example, sensors such
one or more barometers, compasses, temperature sensors,
optical sensors (such as a camera sensor, infrared sensor,
etc.), ultrasonic sensors, radio frequency sensors, or other
types of sensors can be provided. In the example implemen-
tation shown, digital sensors 24 can provide sensor data
directly to the interface bus 21, while the analog sensors can
be provide sensor data to an analog-to-digital converter
(ADC) 34 which supplies the sensor data in digital form to the
interface bus 21. In the example of FIG. 1, the ADC 34 is
provided in the MPU 20, such that the ADC 34 can provide
the converted digital data to hardware processing 30 of the
MPU or to the bus 21. In other embodiments, the ADC 34 can
be implemented elsewhere in device 10.

[0047] FIG. 2 shows one example of an embodiment of
motion processing unit (MPU) 20 suitable for use with inven-
tions described herein. The MPU 20 of FIG. 2 includes an
arithmetic logic unit (ALU) 36, which performs processing
on sensor data. The AL U 36 can be intelligently controlled by
one or more programs stored in and retrieved from program
RAM (random access memory) 37. The ALU 36 can control
a direct memory access (DMA) block 38, which can read
sensor data independently of the AL.U 36 or other processing
unit, from motion sensors such as gyroscopes 26 and accel-
erometers 28 as well as other sensors such as temperature
sensor 39. Some or all sensors can be provided onthe MPU 20
or external to the MPU 20; e.g., the accelerometers 28 are
shown in FIG. 2 as external to the MPU 20. The DMA 38 can
also provide interrupts to the ALU regarding the status of read
or write operations. The DMA 38 can provide sensor data
read from sensors to a data RAM 40 for storage. The data
RAM 40 provides data to the ALU 36 for processing, and the
ALU 36 provides output, including processed data, to the data
RAM 40 for storage. Bus 21 (also shown in FIG. 1) can be
coupled to the outputs of data RAM 40 and/or FIFO buffer 42
so that application processor 12 can read the data read and/or
processed by the MPU 20.

[0048] A FIFO (first in first out) buffer 42 can be used as a
hardware bufter for storing sensor data which can be accessed
by the application processor 12 over the bus 21. The use of a
hardware buffer such as buffer 42 is described in several
embodiments below. For example, a multiplexer 44 can be
used to select either the DMA 38 writing raw sensor data to
the FIFO buffer 42, or the data RAM 40 writing processed
data to the FIFO bufter 42 (e.g., data processed by the ALU
36).

[0049] The MPU 20 as shown in FIG. 2 thus can support
one or more implementations of processing motion sensor
data, including the gesture processing and recognition
described herein. For example, the MPU 20 can process raw
sensor data fully, where programs in the program RAM 37
can control the ALU 36 to intelligently process sensor data
and provide high-level data to the application processor 12
and application programs running thereon. Or, raw sensor
data can be pre-processed or processed partially by the MPU
20 using the ALU 36, where the processed data can then be
retrieved by the application processor 12 for additional low-
level processing on the application processor 12 before pro-
viding resulting high-level information to the application pro-
grams. Or, raw sensor data can be merely buffered by the
MPU 20, where the raw sensor data is retrieved by the appli-
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cation processor 12 for low-level processing. In some
embodiments, different applications or application programs
running on the same device 10 can use different ones of these
processing methods as is most suitable to the application or
program.

Recognizing Motion Gestures

[0050] FIGS. 3A and 3B are diagrammatic illustrations
showing different motions of a device 10 in space, as moved
by a user performing a gesture. A “gesture” or “motion ges-
ture,” as referred to herein, is a predefined motion or set of
motions of the device which, when recognized by the device
have occurred, triggers one or more associated functions of
the device. This motion can be a contained set of motions such
as a shake or circle motion, or can be a simple movement of
the device, such as tilting the device in a particular axes or
angle. The associated functions can include, for example,
scrolling a list or menu displayed on a display screen of the
device in a particular direction, selecting and/or manipulating
a displayed item (button, menu, control), providing input
such as desired commands or data (such as characters, etc.) to
aprogram or interface of the device, turn on or off main power
to the device, and so on.

[0051] An aspect of the invention pre-processes the raw
sensor data of the device 10 by changing coordinate systems
or converting to other physical parameters, such that the
resulting “augmented data” looks similar for all users regard-
less of the small, unintentional differences in user motion.
This augmented data can then be used to train learning sys-
tems or hard-code pattern recognizers resulting in much more
robust gesture recognition, and is a cost effective way of
utilizing motion sensor data from low-cost inertial sensors to
provide a repeatable and robust gesture recognition.

[0052] Someembodiments ofthe invention use inertial sen-
sors such as gyroscopes and/or accelerometers. Gyroscopes
output angular velocity in device coordinates, while acceler-
ometers output the sum of linear acceleration in device coor-
dinates and tilt due to gravity. The outputs of gyroscopes and
accelerometers is often not consistent from user to user or
even during the use of the same user, despite the users intend-
ing to perform or repeat the same gestures. For example,
when a user rotates the device in a vertical direction, a Y-axis
gyroscope may sense the movement; however, with a difter-
ent wrist orientation of a user, the Z-axis gyroscope may sense
the movement.

[0053] Traininga system to respond to the gyroscope signal
differently depending on the tilt of the device (where the tilt is
extracted from the accelerometers and the X-axis gyroscope)
would be very difficult. However, doing a coordinate trans-
form from device coordinates to world coordinates simplifies
the problem. Two users providing different device tilts are
both rotating the device downward relative to the world exter-
nal to the device. If the augmented data angular velocity in
world coordinates is used, then the system will be more easily
trained or hard-coded, because the sensor data has been pro-
cessed to look the same for both users.

[0054] Intheexamples of FIGS. 3A and 3B, while perform-
ing a “straight down” movement of the device 10 as a gesture
or part of a gesture, one user might use a linear movement as
shown in FIG. 3A, and a different user might use a tilting
movement as shown in FIG. 3B.

[0055] When sensing the motion of FIG. 3A, the gyroscope
(s) will have a large sensed signal, and the accelerometer will
be responding to gravity. When sensing the motion of FIG.
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3B, the gyroscope will have no sensed signal, and the accel-
erometer will be responding to linear acceleration, which
looks significantly different from gravity. Both users think
they are doing the same movement; this is because they each
see the tip of their device moving downward.

[0056] The two styles of movement can be made to appear
the same by providing augmented data by first converting the
sensor data from device coordinates to world coordinates.
FIG. 4A shows the case of the rotational movement about a
pivot point, where the device 10 is projected outward to find
the linear movement of the tip 100 of the device. In this case,
the augmented data being used as the input to the gesture
recognizer can be the linear trajectory 101 of the tip of the
device, obtained by scaling the rotational information relative
to a moment arm. The moment arm can be approximated by
comparing angular acceleration, derived from the derivative
of the gyroscope, with linear acceleration, derived from the
accelerometer after removing the effects of gravity. FIG. 4B
shows the case of the linear movement, where the linear
trajectory 101 of the tip 102 of the device 10 can be obtained
directly by reading the accelerometers on the device. Thus,
regardless of whether the device was rotated or moved lin-
early, augmented data describing a linear trajectory 101 will
be the same, and a gesture mapped to that motion can be
recognized from either type of motion and used to select one
or more associated functions of the device.

[0057] Insome cases, recognizing gestures only relative to
the world may not produce the desired augmented data. When
using a device 10 that is portable, the user may not intend to
perform motion gestures relative to the world. As shown in
FIGS. 5A, 5B, and 5C, for example, a user may perform a
gesture sitting up (FIG. 5A), and later perform the gesture
lying in bed (FIG. 5C). In this example a vertical gesture
performed sitting up would thus later be performed horizon-
tally relative to the world when in bed. In another example,
one user may perform a vertical (relative to the world) gesture
while sitting up straight (FIG. 5A), and a different user may
perform the gesture while slouching (FIG. 5B), making the
device 10 closer to horizontal relative to the world than when
sitting up.

[0058] One way to avoid these problems is to examine what
the user is trying to do. The user performs gestures relative to
his or her own body, which may be vertical or horizontal; this
is called “human body coordinates.” Another way to describe
“human body coordinates” is as “local world coordinates.”
FIGS. 6A, 6B, and 6C illustrate world coordinates (FIG. 6A),
device coordinates (FIG. 6B), and local world coordinates
(FIG. 6C).

[0059] However, it is not possible to measure local world
coordinates directly without also having sensors on the user’s
body. An indirect way to accomplish the same task is to
assume that the device is being held in a particular way by the
user relative to the user’s body when the gesture is attempted
and so the user’s body position can be assumed based on the
device position to approximate local world coordinates.
When the device is moved slowly, the local world coordinate
system is updated and moved while the device is being
moved, so that the local world coordinate system tracks the
direction of the user’s body. It is assumed that with slow
movement, the user is simply looking at or adjusting the
device without intending to input any gestures, and the local
world coordinate system should thus track the user orienta-
tion. The slow movement can be determined as movement
under a predetermined threshold velocity or other motion-
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related threshold. For example, when the angular velocity of
the device 10 (as determined from gyroscope data) is under a
threshold angular velocity, and the linear velocity of the
device 10 (as determined from accelerometer data) is under a
threshold linear velocity, the movement can be considered
slow enough to update the local world coordinate system with
the movement of the device. Alternatively, one of the angular
velocity or linear velocity can be examined for this purpose.
[0060] However, when the device is moved quickly (over
the threshold(s)), the movement is assumed to be for inputting
a gesture, and the local world coordinate system is kept fixed
while the device is moving. The local world coordinate sys-
tem for the gesture will then be the local world coordinate
system just before the gesture started; the assumption is that
the user was directly looking at a screen of the device before
beginning the gesture and the user remains approximately in
the same position during the gesture. Thus, while the device is
stationary or being moved slowly, the “world” is updated, and
when the device is moved quickly, the gesture is analyzed
relative to last updated “world,” or “local world.”

[0061] Thus, motion sensor data in device coordinates is
received from the sensors of the device, where the data in
device coordinates describes motion of the device relative to
a frame of reference of the device. The data in the device
coordinates is transformed to augmented motion sensor data
in world coordinates, such as local world coordinates, where
the data in world coordinates describes motion of the device
relative to a frame of reference external to the device. In the
case of local world coordinates, the frame of reference is the
user’s body. A gesture can be detected more accurately and
robustly from the motion sensor data in the world coordi-
nates.

[0062] FIG. 7 is a block diagram illustrating a system 150
of the present invention for producing the augmented data
described above for recognizing motion gestures. System 150
is implemented on the device 10, e.g., in the processor 12
and/or the MPU 20, and uses the raw sensor data from gyro-
scopes 26 and accelerometers 28 to determine the motion of
the device and to derive augmented data from that motion to
allow more accurate recognition of gestures from the motion
data.

[0063] System 150 includes a gyroscope calibration block
152 that receives the raw sensor data from the gyroscopes 26
and which calibrates the data for accuracy. The output of the
calibration block 152 is angular velocity in device coordi-
nates 170, and can be considered one portion of the aug-
mented sensor data provided by system 150.

[0064] System 150 also includes an accelerometer calibra-
tion block 154 that receives the raw sensor data from the
accelerometers 28 and which calibrates the data for accuracy.
For example, such calibration can be the subtraction or addi-
tion of a known constant determined for the particular accel-
erometer or device 10. The gravity removal block 156
receives the calibrated accelerometer data and removes the
effect of gravity from the sensor data, thus leaving data
describing the linear acceleration of the device 10. This linear
acceleration data 180 is one portion of the augmented sensor
data provided by system 150. The removal of gravity uses a
gravity acceleration obtained from other components, as
described below.

[0065] A gravity reference block 158 also receives the cali-
brated accelerometer data from calibration block 154 and
provides a gravity vector to the gyroscope calibration block
152 and to a 3D integration block 160. 3-D integration block
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160 receives the gravity vector from gravity reference block
158 and the calibrated gyroscope data from calibration block
152. The 3-D integration block combines the gyroscope and
accelerometer data to produce a model of the orientation of
the device using world coordinates. This resulting model of
device orientation is the quaternion/rotation matrix 174 and is
one portion of the augmented sensor data provided by system
150. Matrix 174 can be used to provide world coordinates for
sensor data from existing device coordinates.

[0066] A coordinate transform block 162 receives cali-
brated gyroscope data from calibration block 152, as well as
the model data from the 3-D integration block 160, to produce
an angular velocity 172 of the device in world coordinates,
which is part of the augmented sensor data produced by the
system 150. A coordinate transform block 164 receives cali-
brated linear acceleration data from the remove gravity block
156, as well as the model data from the 3-D integration block
160, to produce a linear acceleration 176 of the device in
world coordinates, which is part of the augmented sensor data
produced by the system 150.

[0067] Gravitational acceleration data 178 in device coor-
dinates is produced as part of the augmented sensor data of the
system 150. The acceleration data 178 is provided by the
quaternion/rotation matrix 174 and is a combination of gyro-
scope data and accelerometer data to obtain gravitational
data. The acceleration data 178 is also provided to the remove
gravity block 156 to allow gravitational acceleration to be
removed from the accelerometer data (to obtain the linear
acceleration data 180).

[0068] One example follows of the 3-D integration block
combining gyroscope and accelerometer data to produce a
model of the orientation of the device using world coordi-
nates. Other methods can be used in other embodiments.
[0069] The orientation of the device is stored in both
quaternion form and rotation matrix form. To update the
quaternion, first the raw accelerometer data is rotated into
world coordinates using the previous rotation matrix:

a'=Ra

[0070] The vector a contains the raw accelerometer data, R
is the rotation matrix representing the orientation of the
device, and a' is the resulting acceleration term in world
coordinates. A feedback term is generated from the cross
product of a' with a vector representing gravity:

S=k(axg)

[0071] Constant k is a time constant which determines the
timescale in which the acceleration data is used. A quaternion
update term is generated from this by multiplying with the
current quaternion:

Qacceteromerer—14

[0072] A similar update term is generated from the gyro-
scope data using quaternion integration:

=0.5gw(dt)

Qgyroscope

[0073] The vector w contains the raw gyroscope data, q is
the current quaternion, and dt is the sample time of the sensor
data. The quaternion is updated as follows:

- .
q'=101malize(q+q eceterometer A gyroscope)

[0074] This new quaternion becomes the “current quater-
nion,” and can be converted to a rotation matrix. Angular
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velocity from both accelerometers and gyroscopes can be
obtained as follows:

W pevice =0 Waccoterometertdgyroscops (0-341))

[0075] Angular velocity in world coordinates can be
obtained as follows:

World RW device

[0076] Linear acceleration in world coordinates can be
obtained as follows:

o
Uyoria— 4 =8

[0077] Linear acceleration in device coordinates can be
obtained as follows:

_p-1
Agevice=R™a

world

Other Techniques for Improved Gesture Recognition

[0078] Relative timing of features in motion data can be
used to improve gesture recognition. Different users may
perform gestures faster or slower relative to each other, which
can make gesture recognition difficult. Some gestures may
require particular features (i.e., characteristics) of the sensor
data to occur in a particular sequence and with a particular
timing. For example, a gesture may be defined as three fea-
tures occurring in a sequence. For one user, feature 2 might
occur 100 ms after feature 1, and feature 3 might occur 200 ms
after feature 2. For a different user performing the gesture
more slowly, feature 2 might occur 200 ms after feature 1, and
feature 3 might occur 400 ms after feature 2. If the required
timing values are hard-coded, then many different ranges of
values will need to be stored, and it will be difficult to cover all
possible user variances and scenarios.

[0079] To provide a more flexible recognition of gestures
that takes into account variance in gesture feature timing, an
aspect of the present invention recognizes gestures using
relative timing requirements. Thus the timing between differ-
ent features in motion data can be expressed and detected
based on multiples and/or fractions of a basic time period
used in that gesture. The basic time period can be, for
example, the time between two data features. For example,
when relative timing is used, for whatever time t1 exists
between features 1 and 2 of a gesture, the time between
features 2 and 3 can be defined as approximately two times t1.
This allows different users to perform gestures at different
rates without requiring algorithms such as Dynamic Time
Warping, which are expensive in CPU time.

[0080] Relative peaks or magnitudes in motion sensor data
can also beused to improve gesture recognition. Similar to the
variance in timing of features when gestures are performed by
different users or at different times as described above, one
user may perform a gesture or provide features with more
energy or speed or quickness than a different user, or with
variance at different times. For example, a first user may
perform movement causing a first feature that is detected by a
gyroscope as 100 degrees per second, and causing a second
feature that is detected by the gyroscope as 200 degrees per
second, while a second user may perform movement causing
the first feature that is detected as 200 degrees per second and
causing a second feature that is detected as 400 degrees per
second. Hard-coding these values for recognition would
require training a system with all possible combinations. One
aspect of the present invention expresses the features as peak
values (maximum or minimum) that are relative to each other
within the gesture, such as multiples or fractions of a basic
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peak magnitude. Thus, ifa first peak of a gesture is detected as
a magnitude of pl, a second peak must have a magnitude
roughly twice p1 to satisfy the requirements of the gesture and
be recognized as such.

Rejecting Noise in Gesture Recognition

[0081] FIGS. 8A and 8B illustrate rotational movement of
a device 10 which can indicate whether or not a user is
intending to input a gesture. While raw sensor noise in gesture
recognition is usually negligible with good motion sensors,
noise from human movement can be significant. This noise
can be due to the user’s hand shaking unintentionally, from
the user adjusting his or her grip on the device, or other
incidental motion, which can cause large angular movements
and spikes to appear in the sensor data. For very sensitive
gestures, it can be difficult to tell the difference between
incidental movement not intended for gestures, and move-
ment intended as gestures for triggering association device
functions.

[0082] One method of the present invention to more accu-
rately determine whether detected motion is intended for a
gesture is to correlate an angular gesture with linear accelera-
tion. The presence of linear acceleration indicates that a user
is moving the device using the wrist or elbow, rather than just
adjusting the device in the hand.

[0083] FIG. 8A illustrates pure rotation 190 of the device
10 without the presence of linear acceleration, and can result
from the user adjusting his or her grip on the device, for
example. FI1G. 8B illustrates the device 10 exhibiting rotation
190 that correlates with accompanying linear movement 192,
which is more likely to correspond to an intended gesture. The
presence of device movement producing linear acceleration
can be detected by taking the derivative of the gyroscope
sensor data, obtaining angular velocity, and comparing the
angular velocity to linear acceleration. The ratio of one to the
other can indicate the moment arm 194 about which the
device is rotating. Having this parameter as a check will allow
the gesture engine to reject movements that are all (or sub-
stantially all) rotation, which are caused by the user adjusting
the device.

[0084] In another method, motion sensor data that may
include a gesture is compared to a background noise floor
acquired while no gestures are being detected. The noise floor
can filter out motions caused by a user with shaky hands, or
motions caused by an environment in which there is a lot of
background motion, such as on a train. To prevent the gesture
triggering due to noise, the signal to noise ratio of the motion
sensor data must be above a noise floor value that is prede-
termined, or dynamically determined based on current
detected conditions (e.g., a current noise level can be detected
by monitoring motion sensor data over a period of time). In
cases with a lot of background noise, the user can still deliver
a gesture, but the user will be required to use more power
when performing the gesture.

Gestures and Modes of Operation

[0085] FIG.9isaflow diagram illustrating a method 200 of
the present invention for recognizing gestures based on an
operating mode of the portable electronic device 10. The
method 200 can be implemented on the device 10 in hardware
and/or software, e.g., in the processor 12 and/or the MPU 20.
[0086] The method starts at 202, and in step 203, sensed
motion data is received from the sensors 26 and 28, including
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multiple gyroscopes (or other rotational sensors) and accel-
erometers as described above. The motion data is based on
movement of the device 10 in space. In step 204, the active
operating mode of the device 10 is determined, i.e., the oper-
ating mode that was active when the motion data was
received.

[0087] An “operating mode” of the device provides a set of
functions and outputs for the user based on that mode, where
multiple operating modes are available on the device 10, each
operating mode offering a set of different functions for the
user. In some embodiments, each operating mode allows a
different set of applications to be used on the device. For
example, one operating mode can be a telephone mode that
provides application programs for a telephone functions,
while a different operating mode can provide a picture or
video viewer for use with a display screen 16a of the device
10. In some embodiments, operating modes can correspond
to broad applications, such as games, image capture and
processing, and location detection (e.g., as described in
copending application Ser. No. 12/106,921). Alternatively, in
other embodiments, operating modes can be defined more
narrowly based on other functions or application programs.
[0088] The active operating mode is one operating mode
that is selected for purposes of method 200 when the motion
data was received, and this mode can be determined based on
one or more device operating characteristics. For example,
the mode can be determined based on user input, such as the
prior selection of a mode selection button or control or a
detected motion gesture from the user, or other movement
and/or orientation of the device 10 in space. The mode may
alternatively or additionally be determined based on a prior or
present event that has occurred or is occurring; for example, a
cellular phone operating mode can automatically be desig-
nated the active operating mode when the device 10 receives
a telephone call or text message, and while the user responds
to the call.

[0089] In step 205, a set of gestures is selected, this set of
gestures being available for recognition in the active operat-
ing mode. In preferred embodiments, at least two different
operating modes of the device 10 each has a different set of
gestures that is available for recognition when that mode is
active. For example, one operating mode may be receptive to
character gestures and shake gestures, while a different oper-
ating mode may only be receptive to shake gestures.

[0090] Instep 206, the received motion data (and any other
relevant data) is analyzed and one or more motion gestures are
recognized in the motion data, if any such gestures are present
and correctly recognized. The gestures recognized are
included in the set of gestures available for the active operat-
ing mode. In step 207, one or more states of the device 10 are
changed based on the recognized motion gesture(s). The
modification of states of the device can be the changing of a
status or display, the selection of a function, and/or the execu-
tion or activation of a function or program. For example, one
or more functions of the device can be performed, such as
updating the display screen 16a, answering a telephone call,
sending out data to another device, entering a new operating
mode, etc., based on which gesture(s) were recognized. The
process 200 is then complete at 208.

[0091] Examples of types of motion gestures suitable for
use with the device 10 are described below.

Shake Gesture

[0092] A shake gesture typically involves the user inten-
tionally shaking the motion sensing device in one angular
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direction to trigger one or more associated functions of the
device. For example, the device might be shaken in a “yaw
direction,” with a peak appearing on only one gyroscope axis.
If the user shakes with some cross-axis error (e.g., motion in
another axis besides the one gyroscope axis), there may be a
peak along another axis as well. The two peaks occur at the
same time, and the zero-crossings (corresponding to the
change of direction of the motion sensing device during the
shaking) also occur at the same time. As there are three axes
of rotation (roll, pitch, and yaw), each can be used as a
separate shaking command.

[0093] For example, FIG. 10A is a graph 212 illustrating
linear yaw shake motion data 214 forming a yaw shake ges-
ture, in which the majority of the shaking occurs in the yaw
axis. A smaller-amplitude cross-axis motion in the pitch axis
provides pitch motion data 216, where the yaw and pitch
outputs are in phase such that peaks and zero crossings occur
at the same time. FIG. 10B is a graph 217 illustrating linear
pitch shake motion data 218 forming a pitch shake gesture in
which the majority of the shaking is in the pitch axis, and
some cross-axis motion also occurs in the yaw axis that is in
phase with the pitch axis motion, shown by yaw motion data
219.

[0094] FIGS. 10A-10F are diagrammatic illustrations of
magnitude peaks for gesture recognition. A shake gesture can
be any of a variety of intentional shaking of the device 10 by
the user. The shaking required to qualify as a shaking gesture
requires a magnitude that is at least a threshold level above a
background noise level, so that intentional shaking can be
distinguished from unintentional shaking. The shaking ges-
ture can be defined to have a predetermined number of direc-
tion changes or zero crossings (e.g., angular or linear move-
ment). A shaking gesture can be determined to be complete
once a predetermined period of time passes during which no
additional large-magnitude pulses are detected.

[0095] In FIG. 10A, an example of a basic waveform of a
shaking gesture 220 is shown involving a clockwise rotation
of the device 10 around an axis (measured by a gyroscope)
followed by a counterclockwise rotation of the device around
that axis. (Other embodiments of shaking gestures may
involve linear movement along different axes to produce
analogous peaks). The gesture is processed by feature detec-
tors that look for the peaks (shown by vertical lines 222 and
224) and zero crossings (shown by vertical line 226) where
the rotation switches direction. In this example, the gesture
can trigger if a positive peak and a negative peak in angular
rotation are both detected, and both exceed a threshold mag-
nitude.

[0096] InFIG. 10B, a similar gesture 228 is shown to FIG.
10A, but the gesture has been performed by the user more
quickly such that the peaks 230 and 232 and zero crossing 234
occur sooner and closer together. A prior standard technique
used in this case is Dynamic Time Warping, in which the
gesture is heavily processed by warping or stretching the data
in time and comparing the result to a database of predefined
gesture data. This is not a viable solution in many portable
devices because of the large amount of processing required.
The present invention instead can time each feature such as
peaks and zero crossings. For example, a bank of timers can
be used for the data features, each timer associated with one
feature. If the features occur within a certain predetermined
time of each other, the gesture will be considered recognized
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and will trigger. This has a similar result as Dynamic Time
Warping, but with much less processing, and minimal
memory usage.

[0097] FIG. 10C shows motion data forming a gesture 240
and performed with more power than in FIGS. 10A and 10B,
i.e., the peaks 242 and 244 are higher (have a greater magni-
tude). Also, a false gesture appears, represented by the dotted
curve 246 superimposed on the same graph. The false gesture
is motion data sensed on an incorrect axis for the desired
gesture, due to the user’s motion not being very precise. Since
the false gesture crosses the upper threshold 248 first, it may
trigger first if the gesture engine is not implemented well.
Therefore, the present invention delays triggering the gesture
until device movement settles to close to zero (or below a
threshold close to zero), and then selects the highest peak for
gesture recognition, since the first peak detected may not be
the correct one.

[0098] FIG. 10D shows an example in which simply detect-
ing the highest peak in motion data can be deceptive. The
highest peak 252 in motion data 250 is in the wrong direction
for the desired gesture, i.e., the peak is negative rather than
positive. Thus the method used for the example of FIG. 10C
will fail in this example, because the highest peak is not the
correct one and the gesture will not be recognized. To reduce
misdetection in such a case, the present invention allows the
recognition method to remember at least one previous peak
and determine if the highest peak had a previous peak on the
same axis. This previous peak, in this case peak 252, is exam-
ined to determine if it meets the criteria for a gesture.
[0099] FIG. 10E shows an example in which the highest
peak 262 in the motion data 260 is the correct one for recog-
nizing the desired gesture, but a peak 264 has occurred before
the highest peak. Such a previous peak commonly occurs as a
“wind-up” movement, which is sometimes performed uncon-
sciously by the user before delivering the desired gesture. In
this case, all three peaks are examined (including the negative
peak) for the highest peak. If one peak is higher than the
others, then it is assumed that the lower peaks are unintended
motion, such as a “wind-up” movement before the intended
peak, or a “retraction” movement after an intended peak, and
the greatest-magnitude peak is selected as the only intended
gesture data. However, if one or more peaks are relatively
close in magnitude, then each peak can be assumed to be
intended gesture data. Typically, wind-up and retraction
movements result in small peaks and data features relative to
the peaks and features of conscious, desired gestures. A
threshold can be used to determine whether a peak qualifies as
intended or not. For example, the ratio of one peak (such as
the first peak) to the highest peak can be compared to a
threshold ratio, where peaks falling below a threshold ratio
are considered unintentional and ignored.

[0100] FIG. 10F shows motion data 270 having a long,
chaotic series of peaks and zero-crossings, due to the user
moving the device around without the intention of triggering
a gesture. Features similar to the data features shown in FIGS.
10A-E are shown in the dashed box 272, which resemble the
data features enough such that the associated gesture may
trigger falsely. To reduce such a result, a set of “abort condi-
tions” or “trigger conditions” can be added, which are tested
and must be avoided or fulfilled for the associated device
function to actually trigger (execute). In this case, the trigger
conditions can include a condition that the gesture must be
preceded by and followed by a predetermined time period in
which no significant movement occurs. If there is too much
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movement, an abort condition can be set which prevents
gestures from triggering. An abort condition can be commu-
nicated to the user via an icon, for example, which is only
visible when the device is ready to receive gestures.

Tap Gesture

[0101] A tap gesture typically includes the user hitting or
tapping of the device 10 with a finger, hand, or object suffi-
ciently to cause a large pulse of movement of the device in
space. The tap gesture can be used to control any of a variety
of functions of the device.

[0102] FIGS. 11A and 11B are diagrammatic illustrations
of two examples of motion data for a tap gesture. In these
examples, detecting a tap gesture is performed by examining
motion sensor data to detect a gesture relative to a background
noise floor, as described above. FIG. 11 A shows a waveform
280 resulting from a tap gesture when a device 10 is held
loosely in the user’s hand, and includes a detected tap pulse
282 shown as a large magnitude pulse. In this situation, there
may be a lot of background noise indicated by pulses 284
which could falsely trigger a tap gesture. However, an actual
intended tap gesture produces a pulse magnitude 282 far
above this noise level 284 because the tap gesture signifi-
cantly moves the device in space, since the device is held
loosely. In contrast, FIG. 11B shows a waveform 288 result-
ing from a tap gesture when a device 10 has been placedon a
desk or other hard surface and then tapped. This tap gesture
produces a much smaller magnitude pulse 290, since the
device cannot move in space as much in response to the tap.
The actual tap in this situation will therefore largely be an
acoustic response. Still, a detected tap 290 is typically far
above the noise level 292. Thus, if the background noise level
is considered in the tap detection, tap gestures can be detected
more robustly.

[0103] Rejecting spikes in motion sensor data due to move-
ment other than tapping can also be difficult. In one method to
make this rejection more robust, spikes having significant
amplitude are rejected if they occur at the end of device
movements (e.g., the end of the portion of motion data being
examined). The assumption is that the device 10 was rela-
tively motionless before a tap gesture occurred, so the tap
gesture causes a spike at the start of a movement. However, a
spike may also appear at the end of a movement, due to a
sudden stop of the device by the user. This end spike should be
rejected.

[0104] FIGS.12A and 12B illustrate detecting a tap gesture
by rejecting particular spikes in motion data. In FIG. 12A, a
spike 294 precedes a curve 296 in the waveform of motion
data showing device movement. In FIG. 12B, a spike 298
follows a curve 299 in the waveform. Tap detection can be
improved in the present invention by rejecting spikes 298 that
follow a curve 299 and/or which occur at or near (within a
threshold of) the end of the examined movement, as in FIG.
12B, which shows an abrupt movement of the device 10 at the
end of movement, and not an intended gesture. Such spikes
typically indicate stopping of the device and not an inten-
tional gesture. A spike is detected as a tap gesture if the spike
294 precedes the curve 296, as shown in FIG. 12A, which
indicates an intended spike of movement followed by move-
ment of less magnitude (the curve). Note that the spike and the
curve may appear on different sensors or motion axes of the
device.

[0105] Tap gestures can be used in a variety of ways to
initiate device functions in applications or other programs
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running on the device. For example, in one example embodi-
ment, tapping can be configured to cause a set of images to
move on a display screen such that a previously-visible or
highlighted image moves and a next image available becomes
highlighted or otherwise visible. Since tapping has no direc-
tion associated with it, this tap detection may be coupled with
an additional input direction detection to determine which
direction the images should move. For example, if the device
is tilted in a left direction, the images move left on a display
screen. If the device is tilted in a backward direction, the
images move backward, e.g., moving “into” the screen in a
simulated 3" dimension of depth. This feature allows the user
to simultaneously control the time of movement of images (or
other displayed objects) and the direction of movement of the
images using tilting and tap gestures.

Other Gestures

[0106] Some examples of other gestures suitable for use
with the present invention are described below.

[0107] FIG. 13 is a graph 300 illustrating an example of
motion data for a circle gesture. For this gesture, the user
moves the motion sensing device in a quick, approximately
circular movement in space. The peaks of amplitude appear
on two axes, such as, for example, pitch 302 and yaw 304 as
shown in FIG. 13. As shown, the peaks and zero-crossings are
out of phase for a circle gesture, occurring at different times.
[0108] FIG. 14 is a diagrammatic illustration 310 illustrat-
ing examples of character gestures. A character gesture is
created by motion of the device 10 in space that approxi-
mately follows the form of a particular character. The motion
gesture is recognized as a particular character, which can
activate a function corresponding to the character. For
example, some commands in particular application programs
can be activated by pressing key(s) on akeyboard correspond-
ing to a character; in some embodiments. Such a command
can alternatively be activated by inputting a motion gesture
that is detected as that same character, alone or in combina-
tion with providing some other input to the device 10.
[0109] Characters (including letters, numbers, and other
symbols) can be considered as combinations of linear and
circle movements of the device 10. By combining the detec-
tion algorithms for lines and circles, characters can be
detected. Since precise angular movement on the part of the
user is usually not possible, the representation can be approxi-
mate.

[0110] FIG. 14 shows some examples. A linear pitch ges-
ture 312, a linear yaw gesture 314, and a half-circle gesture
316 can be detected individually and combined to create
characters. For example, a “1” character 320 can be detected
as a linear pitch gesture. A “2” character 322 can be defined as
a half-circle followed by a horizontal line. A “3” character
324 can be defined as two half-circle gestures. As long as
there is no other gesture that has the same representation, this
representation should be accurate enough, and will give the
user room for imprecise movement. Other gestures can be
detected to provide other portions of desired characters, such
as triangles, circles, hooks, angles, etc. A variety of different
gestures can be defined for different characters, and are rec-
ognized when the device is moved through space to trace out
these characters.

[0111] Other gestures can also be defined as desired. Any
particular gesture can be defined as requiring one or more of
the above gestures, or other types of gestures, in different
combinations. For example, gestures for basic yaw, pitch, and
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roll movements of the device 10 can be defined, as move-
ments in each of these axes. These gestures can also be com-
bined with other gestures to define a compound gesture.
[0112] Inaddition, in some embodiments a gesture may be
required to be input and detected multiple times, for robust-
ness, i.e., to make sure the intended gesture has been detected.
For example, three shake gestures may be required to be
detected, in succession, to detect the three as a single gesture
and to implement the function(s) associated with the shake
gesture. Or, three tap gestures may be required to be detected
instead of just one.

Applications using a Motion Control

[0113] One feature of the present invention for increasing
the ability to accurately detect motion gestures involves using
gestures (device motion) in combination with input detected
from an input control device of the motion sensing device 10.
The input control provides an indication for the device to
detect gestures during device motion intended by the user for
gesture input. For example, a button, switch, knob, wheel, or
other input control device, all referred to herein as a “motion
control” 36 (as shown in FIG. 1), can be provided on the
housing of the motion sensing device 10, which the user can
push or otherwise activate. A dedicated hardware control can
be used, or alternatively a software/displayed control (e.g. a
displayed button or control on a touchscreen) can be used as
the motion control.

[0114] The motion control on the device can be used to
determine whether the device is in a “motion mode” or not.
When the device is in a motion mode, the processor or other
controller in the device 10 can allow motion of the device to
be detected to modify the state of the device, e.g., detected as
a gesture. For example, when the motion control is in its
inactive state, e.g., when not activated and held by the user,
the user moves the device naturally without modifying the
state of the device. However, while the motion control is
activated by the user, the device is moved to modify one or
more states of the device. The modification of states of the
device can be the selection of a function and/or the execution
or activation of a function or program. For example, a func-
tion can be performed on the device in response to detecting
a gesture from motion data receiving while in the motion
mode. The device exits the motion mode based on a detected
exit event. For example, in this embodiment, the exit event
occurs when the motion control is released by the user and the
activation signal from the motion control is no longer
detected. In some embodiments, the modification of states of
the device based on the motion data only occurs after the
motion mode has been exited, e.g., after the button is released
in this embodiment. When not in the motion mode, the device
(e.g. processor or other applicable controller in the device)
ignores input sensed motion data for the purposes of motion
gesture recognition. In some embodiments, the sensed
motion data can still be input and used for other functions or
purposes, such as computing a model of the orientation of the
device as described previously; or only particular predeter-
mined types of gestures or other motions can still be input
and/or recognized, such as a tap gesture which in some
embodiments may not function well when used with some
embodiments of a motion control. In other embodiments, all
sensed motion data is ignored for any purposes when not in
motion mode, e.g., the sensors are turned off. For example,
the release of the button may cause a detected spike in device
motion, but this spike occurs after release of the button and so
is ignored.
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[0115] The operation of a motion mode of the device can be
dependent on the operating mode of the device. For example,
the activation of a motion control to enter motion mode may
be required for the user to input motion gestures while the
device is in some operating modes, while in other operating
modes of the device, no motion control activation is required.
For example, when in an image display operating mode
which allows scrolling a set of images or other objects across
a display screen 16a of the device based on movement of the
device, the activation of a motion mode may be required (e.g.,
by the user holding down the motion control). However, when
in a telephone mode in which the user can make or answer cell
phone calls, no motion mode activation or motion control
activation need be required for the user to input motion ges-
tures to answer the phone call or perform other telephone
functions on the device 10. In addition, different operating
modes of the device 10 can use the motion control and motion
mode in different ways. For example, one operating mode
may allow motion mode to be exited only by the user deacti-
vating the motion control, while a different operating mode
may allow motion mode to be exited by the user inputting a
particular motion gesture.

[0116] As an example, a set of icons may be displayed on
the display screen of the device that are not influenced by
movement of the device while the motion control is not acti-
vated. When the motion control on the device is depressed,
the motion of the device as detected by the motion sensors can
be used to determine which icon is highlighted, e.g. move a
cursor or indicator to different icons. This motion can be
detected as, for example, rotation in a particular axis, or in
more than one axis (which can be considered a rotation ges-
ture), where the device is rotated in space; or alternatively, as
a linear motion or a linear gesture, where the device is moved
linearly in space. When the motion control is released, the
icon highlighted at release is executed to cause a change of
one or more states in the device, e.g., perform an associated
function, such as starting an application program associated
with the highlighted icon. To aid the user in selecting an icon,
additional visual feedback can be presented which is corre-
lated with device motion, such as including a continuously
moving cursor overlayed on top of the icons in addition to a
discretely moving indicator or cursor that moves directly
from icon to icon, or continuously moving an icon a small
amount (correlated with device motion) to indicate that par-
ticular icon would be selected if the motion control were
released.

[0117] In another application, a set of images may be dis-
played in a line on the display screen. When the motion
control is depressed, the user can manipulate the set of images
forward or backward by moving the device in a positive or
negative direction, e.g. as a gesture, such as tilting or linearly
moving the device forward (toward the user, as the user looks
at the device) or backward (away from the user). When the
user moves the device past a predetermined threshold mag-
nitude (e.g., tilting the device more than a predetermined
amount), the images may be moved continuously on the
screen without additional input from the user. When the
motion control is released, the device 10 controls the images
to stop moving.

[0118] Inanotherapplication, holding down the button may
initiate panning or zooming within an image, map, or web
page displayed on a display screen of the device. Rotating the
device along different axes may cause panning the view ofthe
display screen along corresponding axes, or zooming along

24



US 2009/0265671 Al

those axes. The different functions may be triggered by dif-
ferent types of movements, or they may be triggered by using
different buttons. For example, one motion control can be
provided for panning, and a different motion control provided
for zooming. If different types of movements are used, thresh-
olding may be used to aid in determining which function
should be triggered. For example, if a panning motion is
moving the device in one axis and a zooming motion is
moving the device in a different axis, both panning and zoom-
ing can be activated by moving the device along both axes at
once. However, if a panning movement is executed past a
certain threshold amount of movement, than the device can
implement only panning, ignoring the movement on the
zooming axis.

[0119] In some embodiments, the motion control need not
be held by the user to activate the motion mode of the device,
and/or the exit event is not the release of the motion control.
For example, the motion control can be “clicked,” i.e., acti-
vated (e.g., pressed) and then released immediately, to acti-
vate the motion mode that allows device motion to modify
one or more states of the device. The device remains in motion
mode after the motion control is clicked. A desired predefined
exit event can be used to exit the motion mode when detected,
so that device motion no longer modifies device states. For
example, a particular shake gesture can be detected from the
motion data, from motion provided by the user (such as a
shake gesture having a predetermined number of shakes) and,
when detected, exits motion mode. Other types of gestures
can be used in other embodiments to exit the motion mode. In
still other embodiments, the exit event is not based on user
motion. For example, motion mode can be exited automati-
cally based on other criteria, such as the completion of a
detected gesture (when the gesture is detected correctly by the
device).

Data Features for Recognizing Gestures

[0120] In order to resolve and process human motion on a
device 10, it is necessary to acquire sensor data at high rates.
For example, a sampling rate such as 100 Hz may be needed.
For a one-second gesture and assuming six motion sensors are
provided on the device, such a sampling rate requires pro-
cessing 600 data points for 6 degrees of freedom of motion.
However, it is rarely necessary to process all 600 data points,
since the human motion can be reduced by extracting impor-
tant features from the sensor data, such as the magnitude of
peaks in the motion waveform, or the particular times of zero
crossings. Such data features typically occur at about 2 Hz
when the user is performing gestures. Thus, for example, if
four features are examined for each of the 6 degrees of free-
dom, the total number of data points during one second of
motion will be 48 points. The amount of data to be processed
has thus been reduced by more than a factor of 10 by concen-
trating only on particular features of movement data, rather
than processing all data points describing all of the motion.
[0121] Some example methods of reducing the required
sampling rate of data for a device processor by using hard-
ware to find features in motion sensor data is described in
copending patent application Ser. No. 12/106,921, previously
incorporated herein by reference.

[0122] FIG. 15 is a diagrammatic illustration showing one
example of a set of data features of device movement that can
be processed for gestures. Waveform 350 indicates the mag-
nitude (vertical axis) of movement of the device over time
(horizontal axis). A dead zone 352 can be designated at a
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desired magnitude when detecting data features for gestures,
where the dead zone indicates a positive value and a negative
value of magnitude approximately equal to a typical or deter-
mined noise magnitude level. Any motion data falling
between these values, within the dead zone, is ignored as
indistinguishable over background noise (such as the user
unintentionally shaking the device 10).

[0123] Data features, as referred to herein, are characteris-
tics of the waveform 350 of motion sensor data that can be
detected from the waveform 350 and which can be used to
recognize that a particular gesture has been performed. Data
features can include, for example, a maximum (or minimum)
height (or magnitude) 354 of the waveform 350, and a peak
time value 356 which is the time at which the maximum
height 354 occurred. Additional data features can include the
times 358 at which the waveform 350 made a zero crossing
(i.e., a change in direction of motion in an axis of movement,
such as transitioning from positive values to negative values
or vice-versa). Another data feature can include the integral
360 providing a particular area of the waveform 350, such as
an integral of the interval between two zero crossings 358 as
shownin FIG. 15. Another data feature can include the deriva-
tive of the waveform 350 at a particular zero crossing 358.
These data features can be extracted from motion sensor data
and stored and processed for gesture recognition more
quickly and easily than storing and processing all of the
motion sensor data of the waveform. Other data features can
be used in other embodiments, such as the curvature of the
motion waveform 350 (e.g., how smooth the waveform is at
different points), etc. In some embodiments, the particular
data features which are examined are based on the present
operating mode of the device 10, where different operating
modes require different features to be extracted and processed
as appropriate for the application(s) running in a particular
operating mode.

[0124] FIG. 16 is a block diagram illustrating one example
of a system 370 which can recognize and process gestures,
including the data features described above with reference to
FIG. 15. System 370 can be included in the device 10 in the
MPU 20, or in the processor 12, or as a separate unit.

[0125] System 370 includes a raw data and pre-processing
block 372, which receives the raw data from the sensors and
also provides or receives augmented data as described above
with reference to FIG. 7, e.g. data in reference to device
coordinates and world coordinates. The raw sensor data and
augmented sensor data is used as a basis for gesture recogni-
tion. For example, the pre-processing block 372 can include
all or part of the system 150 described above with reference to
FIG. 7.

[0126] The raw and augmented data is provided from block
372 to a number of low-level data feature detectors 374,
where each detector 374 detects a different feature in the
sensor data. For example, Feature 1 block 374a can detect the
peaks in motion waveforms, Feature 2 block 3745 can detect
zero crossings in motion waveforms, and Feature 3 block
374c¢ can detect and determine the integral of the area under
the waveform. Additional feature detectors can be used in
different embodiments. Each feature detector 374 provides
timer values 376, which indicate the time values appropriate
to the data feature detected, and provides magnitude values
378, which indicates magnitudes appropriate to the data fea-
ture detected (peak magnitudes, value of integral, etc.).
[0127] The timer and magnitude values 378 and 376 are
provided to higher-level gesture detectors 380. Gesture detec-
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tors 380 each use the timing and magnitude values 378 and
376 from all the feature detectors 374 to detect whether the
particular gesture associated with that detector has occurred.
For example, gesture detector 380a detects a particular Ges-
ture 1, which may be a tap gesture, by examining the appro-
priate time and magnitude data from the feature detectors
374, such as the peak feature detector 374a. Similarly, gesture
detector 3805 detects a particular Gesture 2, and gesture
detector 380c¢ detects a particular Gesture 3. As many gesture
detectors 380 can be provided as different types of gestures
that are desired to be recognized on the device 10.

[0128] Each gesture detector 380 provides timer values
382, which indicate the time values at which the gesture was
detected, and provides magnitude values 384, which indicate
magnitude values describing the data features of the gesture
that was detected (peak, integral, etc.).

[0129] The raw and augmented data 372 also is provided to
a monitor 390 that monitors states and abort conditions of the
device 10. Monitor 390 includes an orientation block 392 that
determines an orientation of the device 10 using the raw and
augmented data from processing block 372. The device ori-
entation can be indicated as horizontal, vertical, or other
states as desired. This orientation is provided to the gesture
detectors 380 for use in detecting appropriate gestures (such
as gestures requiring a specific device orientation or a transi-
tion from one orientation to another orientation). Monitor 390
also includes a movement block 394 which determines the
amount of movement that the device 10 has moved in space,
e.g. angular and linear movement, using the raw and aug-
mented sensor data from block 372. The amount of movement
is provided to gesture detectors 380 for use in detecting ges-
tures (such as gestures requiring a minimum amount of move-
ment of the device 10).

[0130] Abort conditions 396 are also included in monitor
390 for use in determining whether movement of the device
10 aborts a potentially recognized gesture. The abort condi-
tions include conditions that, when fulfilled, indicate that
particular device movement is not a gesture. For example, the
background noise described above can be determined, such
that movement within the noise amplitude is caused to be
ignored by using the abort conditions 396. In another
example, certain spikes of motion, such as a spike following
a curve as described above with reference to FIGS. 12A and
12B, can be ignored, i.e. cause gesture recognition to be
aborted for the spike. In another example, if only small or
subtle movement is being examined by all the gesture detec-
tors 380, then large movements over a predetermined thresh-
old magnitude can be ignored using the abort conditions 396.
The abort conditions block 396 sends abort indications cor-
responding to current (or designated) portions of the sensor
data to the gesture detectors 380 and also sends abort indica-
tions to a final gesture output block 398.

[0131] Final gesture output block 398 receives all the timer
and magnitude values from the gesture detectors 380 and also
receives the abort indicators from abort conditions block 396.
The final block 398 outputs data for non-aborted gestures that
were recognized by the gesture detectors 380. The output data
can be to components of the device 10 (software and/or hard-
ware) that process the gestures and perform functions in
response to the recognized gestures.

[0132] FIG. 17 is a block diagram 400 illustrating one
example of distributing the functions of the gesture recogni-
tion system 350 of FIG. 16. In this example, six axes of
motion sensor output (e.g., three gyroscopes 26 and three

Oct. 22, 2009

accelerometers 28) are provided as hard-wired hardware 402.
The motion sensors output their raw sensor data to be pro-
cessed for augmented data and for data features in block 404,
and this feature processing block 404 is also included in the
hard-wired hardware block 402. Thus, some or all of gesture
recognition system 370 can be incorporated in hardware on
each motion sensor itself (gyroscope and/or accelerometer).
For example, a motion sensor may include a hardware accel-
erator for calculating augmented data, such as a coordinate
transform from device coordinates to world coordinates. The
hardware accelerator may output transformed data, and the
hardware accelerator may include additional processing to
reduce augmented data further into data features. Alterna-
tively, the accelerator can output the transformed data from
the hard-wired block 402.

[0133] The features from block 404 can be output to a
motion logic processing block 406, which is included in a
programmable block 408 of the device 10. The program-
mable block 408, for example, can be implemented as soft-
ware and/or firmware implemented by a processor or control-
ler. The motion logic can include numerical output and in
some embodiments gesture output.

[0134] In alternative embodiments, the entire gesture sys-
tem 370 may run on an external processor that receives raw
data from the motion sensors and hard-wired block 402. In
some embodiments, the entire gesture system 370 may run in
the hard-wired hardware on/with the motion sensors.

[0135] Many of the above-described techniques and sys-
tems can be implemented with additional or alternate types of
sensor than the gyroscopes and/or accelerometers described
above. For example, a six-axis motion sensing device includ-
ing the gesture recognition techniques described above can
include three accelerometers and three compasses. Other
types of usable sensors can include optical sensors (visible,
infrared, ultraviolet, etc.), magnetic sensors, etc.

[0136] Although the present invention has been described
in accordance with the embodiments shown, one of ordinary
skill in the art will readily recognize that there could be
variations to the embodiments and those variations would be
within the spirit and scope of the present invention. Accord-
ingly, many modifications may be made by one of ordinary
skill in the art without departing from the spirit and scope of
the appended claims.

1. A method for processing motion of a portable electronic
device to control the portable electronic device, the method
comprising:

receiving, on the portable electronic device, sensed motion

data derived from motion sensors of the portable elec-
tronic device, wherein the sensed motion data is based
on movement of the portable electronic device in space,
the motion sensors providing six-axis motion sensing
and including at least three rotational motion sensors
and at least three accelerometers;

determining, on the portable electronic device, a particular

operating mode that is active while the movement of the
portable electronic device occurs, wherein the particular
operating mode is one of a plurality of different operat-
ing modes available in the operation of the portable
electronic device;

recognizing, on the portable electronic device, one or more

motion gestures from the motion data, wherein the one
or more motion gestures are recognized from a set of a
plurality of motion gestures that are available for recog-
nition in the active operating mode of the portable elec-
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tronic device, and wherein each of the different operat-
ing modes ofthe portable electronic device, when active,
has a different set of motion gestures available for rec-
ognition; and

changing one or more states of the portable electronic

device based on the one or more recognized motion
gestures, including changing output of a display screen
on the portable electronic device.

2. The method of claim 1 wherein the one or more gestures
includes a shake gesture, the shake gesture detected from the
sensed motion data that describes motion of the portable
electronic device in one angular direction and includes a
magnitude that is at least a threshold level above a back-
ground noise level.

3. The method of claim 1 wherein the one or more gestures
include a tap gesture, the tap gesture detected from the sensed
motion data that describes motion of the portable electronic
device as a pulse of movement of the device in space.

4. The method of claim 3 wherein the pulse of the tap
gesture is detected by examining peaks in the motion sensor
data above a background noise level, the tap gesture having a
magnitude that is at least a threshold level above the back-
ground noise level, and including rejecting spikes in the
motion sensor data at the end of the movement of the motion
sensor device conesponding to the gesture.

5. The method of claim 1 wherein the one or more gestures
includes a circle gesture, the circle gesture detected from the
sensed motion data that describes motion of the portable
electronic device in an approximate circular movement in
space.

6. The method of claim 1 wherein the one or more gestures
include a character gesture, the character gesture detected
from sensed motion data that describes a combination of at
least one linear movement and at least one approximately
circular movement of the portable electronic device in space.

7. The method of claim 1 further comprising:

receiving an enter mode control signal indicating a motion

control of the portable electronic device has been acti-
vated by a user;

in response to receiving the enter mode control signal,

entering a motion mode of the portable electronic device
that allows the sensed motion data to be used for recog-
nizing the one or more motion gestures; and

exiting the motion mode of the portable electronic device

based on an exit event determined by the portable elec-
tronic device.

8. The method of claim 7 further comprising ignoring
additional sensed motion data derived from the motion sen-
sors for the purpose of detecting gestures from the additional
sensed motion data, while the portable electronic device is not
in the motion mode.

9. The method of claim 8 wherein the portable electronic
device stays in the motion mode only while the enter mode
control signal is maintained by the user continuing to activate
the motion control, and wherein the motion mode is exited in
response to receiving an exit mode control signal, the exit
mode control signal corresponding to the user releasing the
motion control.

10. The method of claim 7 wherein the portable electronic
device stays in the motion mode after the user has clicked the
motion control, and wherein the exit event is detecting a
predefined exit gesture in the sensed motion data.

11. The method of claim 7 wherein the portable electronic
device stays in the motion mode after the user has clicked the
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motion control, and wherein the exit event is a completion of
one of the one or more gestures.
12. The method of claim 1 wherein the detected one or
more gestures are used to move an image on a display screen
of the portable electronic device, the image moving in a
direction corresponding to a direction of motion of the por-
table electronic device as detected in the motion data.
13. A portable electronic device for sensing motion ges-
tures, the portable electronic device comprising:
a plurality of motion sensors providing sensed data based
on movement of the portable electronic device in space,
the motion sensors providing six-axis motion sensing
and including at least three rotational motion sensors
and at least three accelerometers;
a display screen; and
one or more processors, wherein at least one of the proces-
SOrs:
receives motion data derived from the sensed data pro-
vided by the motion sensors;

determines a particular operating mode that is active
while the movement of the portable electronic device
occurs, wherein the particular operating mode is one
of a plurality of different operating modes available in
the operation of the portable electronic device;

recognizes one or more motion gestures from the motion
data, wherein the one or more motion gestures are
recognized from a set of a plurality of motion gestures
that are available for recognition in the active operat-
ing mode of the portable electronic device, and
wherein each of the different operating modes of the
portable electronic device, when active, has a differ-
ent set of motion gestures available for recognition;
and

changes one or more states of the portable electronic
device based on the one or more recognized motion
gestures, including changing output of the display
screen.

14. The portable electronic device of claim 13 wherein the
one or more motion gestures includes a shake gesture, the
shake gesture detected from the motion data that describes
motion of the portable electronic device in one angular direc-
tion and includes a magnitude that is at least a threshold level
above a background noise level.

15. The portable electronic device of claim 13 wherein the
one or more motion gestures include a tap gesture, the tap
gesture detected from the motion data that describes motion
of'the portable electronic device as a pulse of movement of the
device in space, wherein the pulse of the tap gesture has a
magnitude that is at least a threshold level above a back-
ground noise level, wherein spikes of magnitude in the
motion data are rejected as the tap gesture if occurring at the
end of movements of the portable electronic device in space.

16. The portable electronic device of claim 13 wherein the
one or more motion gestures includes a circle gesture, the
circle gesture detected from the motion data that describes
motion of the portable electronic device in an approximate
circular movement in space.

17. The portable electronic device of claim 13 wherein the
one or more motion gestures include a character gesture, the
character gesture detected from motion data that describes a
combination of at least one linear movement and at least one
approximately circular movement of the portable electronic
device in space.
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18. The portable electronic device of claim 13 further com-
prising a motion control activatable by a user of the portable
electronic device, wherein at least one of the one or more
processors:

receives an enter mode control signal indicating the motion

control of the portable electronic device has been acti-
vated by a user;

in response to receiving the enter mode control signal,

enters a motion mode of the portable electronic device
that allows the motion data to be used for recognizing the
one or more motion gestures; and
exits the motion mode of the portable electronic device
based on an exit event determined by the processor,

wherein the at least one processor ignores additional
sensed data from motion sensors for the purpose of
detecting motion gestures from the additional sensed
motion data, while the portable electronic device is not
in the motion mode.

19. The portable electronic device of claim 18 wherein the
atleast one processor maintains the portable electronic device
in the motion mode only while the enter mode control signal
is maintained by the user continuing to activate the motion
control, and wherein the at least one processor exits the
motion mode in response to the user releasing the motion
control.

20. The portable electronic device of claim 14 wherein the
detected one or more motion gestures are used to move an
image displayed on the display screen, the image moving in a
direction corresponding to a direction of motion of the por-
table electronic device as detected in the motion data.

21. A method for recognizing a gesture performed by a user
using a motion sensing device, the method comprising:

receiving motion sensor data in device coordinates indica-

tive of motion of the device, the motion sensor data
received from a plurality of motion sensors of the motion
sensing device, the motion sensors including a plurality
of rotational motion sensors and a plurality of linear
motion sensors;

transforming the motion sensor data in the device coordi-

nates to motion sensor data in world coordinates, the
motion sensor data in the device coordinates describing
motion of the device relative to a frame of reference of
the device, and the motion sensor data in the world
coordinates describing motion of the device relative to a
frame of reference external to the device; and

detecting a gesture from the motion sensor data in the

world coordinates.

22. The method of claim 21 further comprising transform-
ing the motion sensor data from the world coordinates to local
world coordinates, the motion sensor data in the local world
coordinates describing motion relative to the body of the user
of the device.

23. The method of claim 22 wherein the local world coor-
dinates are determined by updating the world coordinates to
track the motion of the motion sensing device when the
motion sensing device is moved at a velocity below a prede-
termined threshold.

24. The method of claim 23 wherein the velocity below the
predetermined threshold is derived from an angular velocity
of the motion sensing device and a linear velocity of the
motion sensing device.

25. The method of claim 23 wherein in response to the
motion sensing device moving at a velocity above the prede-
termined threshold during the gesture, the local world coor-
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dinates are kept fixed during the gesture, the world coordi-
nates being fixed at the last position and orientation of the
motion sensing device before the gesture is determined to
have started.

26. The method of claim 21 wherein the gesture is detected
by extracting one or more data features from the motion
sensor data and processing the one or more data features to
detect the gesture, the data features comprising less data
points than the motion sensor data over a portion of the
motion sensor data including the data features.

27. The method of claim 26 wherein the one or more data
features include at least one of:

a maximum magnitude or minimum magnitude of the

motion sensor data;

a zero crossing of the motion sensor data from positive
values to negative values or negative values to positive
values; and

an integral of an interval defined by a graph of the motion
sensor data.

28. The method of claim 26 wherein the gesture is detected
by examining the motion sensor data for the one or more data
features in terms of one of more of the following:

relative timing between the one or more data features, and

relative magnitudes between the one or more data features.

29. The method of claim 26 wherein the gesture is detected
by timing each of the one or more data features and recog-
nizing the gesture in response to the data features occuning
within a predetermined time of each other.

30. The method of claim 26 wherein a plurality of the data
features are peaks in the motion sensor data, and wherein the
gesture is detected by at least one of:

selecting only the highest peak in the motion sensor data,
and

examining a peak previous to the highest peak in the
motion sensor data.

31. The method of claim 21 further comprising, after
detecting the gesture, triggering a function of the motion
sensing device, the function associated with the detected ges-
ture, and further comprising testing at least one abort condi-
tion before triggering the associated function, wherein if the
abort condition is met, the associated function is not trig-
gered, wherein the abort condition includes a minimum
amount of time preceding and following the gesture during
which no significant movement of the motion sensing device
has occured.

32. The method of claim 21 wherein detecting the gesture
includes correlating an angular velocity during the motion of
the motion sensing device with linear acceleration of the
motion sensing device, and using the correlation to reject
noise motion of the motion sensing device that is substantially
all rotation.

33. A system for detecting gestures, the system including:

aplurality of motion sensors providing motion sensor data,
the motion sensors including a plurality of rotational
motion sensors and a plurality of linear motion sensors;

atleast one feature detector, each feature detector operative
to detect an associated data feature derived from the
motion sensor data, each data feature being a character-
istic of the motion sensor data, each feature detector
outputting one or more feature values describing the
detected data feature; and

at least one gesture detector, each gesture detector opera-
tive to detect a gesture associated with the gesture detec-
tor based on the one or more feature values.
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34. The system of claim 33 wherein the at least one feature
detector includes a peak feature detector operative to detect a
peak in the motion sensor data.

35. The system of claim 33 wherein the at least one feature
detector includes a zero crossing feature detector operative to
detect a zero crossing in the motion sensor data, the zero
crossing indicating a change in direction of motion in an axis
of movement.

36. The system of claim 33 further comprising a processing
block that processes the motion sensor data to provide the
augmented motion data, the augmented motion data being in
reference to world coordinates and the motion sensor data
being in reference to device coordinates, and wherein each
feature detector is operative to detect an associated data fea-
ture derived from the motion sensor data and the augmented
motion data.

37. The system of claim 33 wherein the motion sensor data
further includes sensor data from additional sensors of the
motion sensing device, the additional sensors including at
least one of a temperature sensor, a pressure sensor, and a
compass.
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38. The system of claim 33 wherein the rotational motion
sensors include gyroscopes or compasses and the linear
motion sensors include accelerometers.

39. A handheld electronic device operable in a plurality of
motion-responsive operating modes, wherein at least one rec-
ognizable motion gesture corresponds to each motion-re-
sponsive operating mode, the electronic device comprising:

a set of motion sensors sensing rotational rate around at

least three axes and linear acceleration along at least
three axes;

a display; and

processing logic that, based on motion data derived from at

least one of the motion sensors in response to a physical
movement of the electronic device and a then-active
operating mode of the device, is capable of recognizing
at least one gesture corresponding to the physical move-
ment and changing at least one operating mode of the
device.
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